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I. 羰基镍簇的结构和 Ni−CO 键解离 
过渡金属羰基配合物在合成化学、催化化学等领域具有重要的作用。
在化学合成中，金属羰基配合物是提供羰基的重要载体。金属羰基配合物









Ni(CO)n (n=1~4) 进行了几何优化、频率计算，继而计算了其 Ni−CO 键的
逐级和完全解离能。在所考察的几个泛函中，杂化泛函，如 B3LYP 和
B3PW91，能得到和实验一致的优化几何构型和较合理的振动频率。对
Ni(CO)n (n=2~4)体系，与杂化泛函相比，“纯”泛函，如 BP86 和 BPW91，
可得到与 CCSD(T)更符合、并与实验值接近的逐级解离能; 但是用某些泛
函计算 Ni(CO)n (n=1~4)的完全解离能时，出现异常大的 BSSE 值。 
2. 分别用 BP86、BPW91 和 B3LYP 泛函，研究了 NiCO 的几个等电
子体 NiNO+ (1Σ+)、CuCO+ (1Σ+) 和 CoCO- (3Σ+ )的金属－配体键解离能，主
















样性。对于 CuCO+解离为 Cu+ 和 CO 的过程，几个泛函算得的 BSSE 均
小于 2.5 kcal/mol，都在合理范围内。对于 CoCO- 解离为 Co- 和 CO 的过
程，几种泛函计算得到的 BSSE 为 8.0~9.8 kcal/mol，超出通常认为的合理
值范围，仍属异常。对 NiNO+ 的解离，考查了两种过程：一种是解离为
Ni 和 NO+，所选泛函计算得到的 BSSE 都异常偏大；另一种是解离为 Ni+ 















































配体与金属杂环部分的结合能比后者的小 10 kcal/mol 左右。 
 
关键词： Ni(CO)n (n=1~4)、密度泛函、键解离能、基组重叠误差 

























I. Structures and Ni-CO Bond Dissociation Energies of 
Ni(CO)n (n=1~4) 
Transition metal carbonyls are important in processes such as 
organometallic synthesis, homogeneous catalysis, and photochemical 
decomposition of organometallics. The knowledge of accurate metal-ligand 
bond dissociation energies (BDEs) is a necessary step in the design of 
catalytic processes in synthesis chemistry. The monocarbonyls are often 
considered as models for CO binding to the metal surface. Because of special 
electronic structures and bonding property of the metal carbonyls, the BDEs 
of metal-carbonyl are used to examine the applicability of different methods. 
In the present work, the density functional theory (DFT) methods with 
several functionals have been used to determine geometries, harmonic 
frequencies and the nickel–carbonyl BDEs of Ni(CO)n (n=1~4) complexes. 
We study the reasonable basis set superposition error (BSSE) corrections for 
Ni-CO BDEs of Ni(CO)n (n=1~4). Theoretical studies focus on following 
three aspects: 
1. Equilibrium geometries, harmonic frequencies and the Ni-CO BDEs 
are investigated by the DFT calculation in combination of the relativistic 
effective core potentials. The obtained results show that hybrid DFT methods, 
such as B3LYP, yield reasonable geometries and vibrational frequencies. For 
Ni(CO)n (n=2~4), the bond dissociation energies predicted by “pure” DFT 
methods, such as BP86 and BPW91, are in good agreement with those from 















However, abnormal BSSE values for cumulative dissociation processes of 
Ni(CO)n (n=1~4) are produced by all selected functionals. 
2. In order to study how the BSSE corrections are influenced by the 
molecular electronic structures and explore the cause of abnormal values of 
the BSSE corrections, several functionals, such as BP86, BPW91 and B3LYP, 
are used to determine the metal-carbonyl BDEs of NiNO+ (1Σ+), CuCO+ (1Σ+) 
and CoCO- (3Σ+ ). Calculations show that various functionals can give 
reasonable BSSE corrections values of about 2.5 kcal/mol for the reaction 
CuCO+→ Cu+ + CO. However, exceptional BSSE corrections values of 
8.0~9.8kcal/mol are calculated for the reaction CoCO-→ Co- + CO. For the 
dissociation of NiNO+, two ways are considered. All the functionals 
overestimate the BSSE corrections in the process NiNO+→ Ni + NO+, but 
they can give reasonable values of about 2.8 kcal/mol of the BSSE corrections 
for another process NiNO+→ Ni+ + NO. 
3. The electronic structures of the metal have been examined with the 
density functional theory calculations. The results show that the validity of the 
calculated bond dissociation energies for NiCO complex or the cumulative 
binding energies for the other complexes, strongly depends on an adequate 
description of BSSE. The calculated BSSE corrections are reasonable only if 
the electronic structures of the metal with and without ghost basis sets on the 
ligand positions are identical with that of the metal in metal complexes. The 
reasonable BSSE correction is the precondition for obtaining valid bond 
dissociation energies. 
















The metallabenzenes, i.e., benzene analogues in which a CH group has 
been formally replaced by a transition metal and its associated ligands, were 
studied theoretically by Hoffmann et al. as early as 1979. Over the following 
20 years, impressive progress has been made in the synthesis, characterization 
and studies of the properties of this interesting class of compounds.  
In this paper, structures of Iridium heterocyclic complexes have been 
investigated by density functional theory calculations (DFT). We study the 
electronic structure, chemical bonds and stabiliazation for Iridium heterocyclic   
complexes, and the effect of ligands or substitutents on those of Iridabenzenes 
and Rhodabenzenes. Theoretical studies focus on the following two aspects: 
1. The Iridium heterocyclic complexes have been fully optimized at the 
B3LYP level. The results show that the cyclic, planar, conjugated and Hückel 
4n+2 rule’s criteria in the transition metal heterocyclic complexes studied are 
all met, which are the typical characteristic of aromaticity. Homodesmotic 
reaction aromatic stabilization energy (HASE) and NMR chemical shifts of 
out-ring protons for the studied complexes show weaker aromaticity exists in 
Iridabenzenes than in benzene. 
2. Homodesmotic reaction aromatic stabilization energy (HASE) and 
binding energies from the two fragments of ligand L and the rest of the 
corresponding complexes of Iridabenzenes and Rhodabenzenes have been 
designed to analyze the effect of ligands or substituents on the stabilization for 
the complexes. The results show that strongly π-electron donating groups are 
found to enhance stabilities for the corresponding complexes. 
Keywords:  Ni(CO)n (n=1~4) Complexes, DFT, Bond Dissociation Energies,  













第一章  计算方法简介 
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第一章  计算方法简介 
1.1 密度泛函理论（DFT）方法简介 
    20世纪60年代，Hohenberg和Kohn[1]及Kohn和Sham[2]提出了密度泛函









1.1.1 Thomas-Fermi 模型 







    从统计的角度，含 N 个电子体系的能量为 
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其中： [ ]T ρ 是动能； ( ) ( )r v r drρ∫ 是核与电子相互作用势； [ ]eeV ρ 是势电
子间相互作用能，在 Thomas-Fermi 模型中指库仑作用能，在
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对于很多的量子数（即很大的 R），低于 E 的能级数 
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在ε 与ε δε+ 之间的能级数目 
      ( )q ε εΔ ( ) ( )ε δε ε= Φ + − Φ
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π ε δε δε⎛ ⎞= +⎜ ⎟
⎝ ⎠
      (1-3) 
函数 ( )q ε 称为在能级ε 的态密度。 
   我们用一个占据态的概率函数 ( )f ε 来计算∆N 电子小体积元的总能
量，这是一个 Fermi-Dirac 分布 
                    ( )f ε ( )
1
1 eβ ε μ−
=
+
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